This paper proposes a novel method to tune the I-PD controller structure for the time-delayed unstable process (TDUP) using Bacterial Foraging Optimization (BFO) algorithm. The tuning process is focussed to search the optimal controller parameters (K p , 
Introduction
Proportional + Integral + Derivative (PID) controllers are widely used in various industrial applications in which setpoint tracking and disturbance rejection are necessary. This controller provides an optimal and robust performance for a wide range of operating conditions for stable, unstable and nonlinear processes. Based on the controller configuration (position of P, I, and D), the PID is classified as ideal PID, series PID, and parallel PID.
Since an ideal PID controller has practical difficulties due to its unrealizable nature, it is largely considered in academic studies. Parallel PID controllers are widely used in industries due to its easy accomplishment in analog or digital form. The major drawbacks of the basic parallel PID controllers are the effects of proportional and derivative kick. In order to minimize these effects, modified forms of parallel controller structures such as ID-P and I-PD are widely considered [1] .
Time Delayed Unstable Processes (TDUP) considered in this work are widely observed in chemical process industries (exothermic stirred reactors with back mixing, pump with liquid storage tank, combined feed/effluent heat exchanger with adiabatic exothermic reaction, bioreactor, polymerization reactor, jacketed CSTR) [2] . Fine tuning of controller parameters for these systems is highly difficult than in open loop stable systems since (i) unstable processes are hard to stabilize due to unstable poles, (ii) the controller gains are limited by a minimum and maximum value based on the process time delay (ratio of process time delay to process time constant, that is, d/τ ratio). The increase in time delay "d" in the process narrows down the limiting value and it restricts the performance of the closed loop system under control, (iii) unusual overshoot and/or inverse response due to the presence of zeros in the process model.
In control literature, many efforts have been attempted to design optimal and robust controllers for TDUP. Panda has proposed a synthesis method to design an Internal Model Controller-based PID (IMC-PID) controller for a class of time-delayed unstable process [2] . Padhy and Majhi have proposed a PI-PD controller design for unstable systems based on the phase and gain margin criteria [3] . Marchetti et al. have considered a relay-based identification and PID controller tuning [4] . Liu et al. have developed an analytical two-degree freedom setpoint tracking control scheme [5] . Shamsuzzoha and Lee have proposed a control scheme for enhanced disturbance rejection [6] . Chen et al. have discussed a setpoint weighted-PID controller tuning for timedelayed unstable system. It has been reported that, based on the setpoint weighting parameter, a simple PID-PD controller can be used to achieve basic and modified PID structures [7] . Apart from the above methods, a review on the methods of controller tuning for a class of time-delayed unstable system could be found in the book by Padma Sree and Chidambaram [8] . Most of these approaches require an approximated first or second-order transfer-function model with a time delay. In real time, the approximated model parameter may be changing or subject to uncertainty. The model-based controller tuning also requires complex computations to identify the controller parameters. To overcome this, it is necessary to use soft computing-based model independent controller tuning methods.
In recent years, evolutionary approach-based controller autotuning methods has attracted the control engineers and the researchers due to it is nonmodel-based approach, simplicity, high computational efficiency, easy implementation, and stable convergence [9] [10] [11] [12] [13] . In this paper, the I-PD controller tuning is proposed for unstable system using the Bacteria Foraging Optimization (BFO) algorithm introduced by Passino [14] . It is a biologically inspired computation technique based on mimicking the foraging activities of Escherichia coli (E. coli) bacteria, and it is successfully used in various engineering applications. The literature gives the application details of BFO in PID controller tuning for a class of stable systems [15, 16] . Hybridization-based optimization techniques, such as Genetic Algorithm (GA) [17, 18] and Particle Swarm Optimization (PSO) [19] [20] [21] have also been used in PID controller tuning. The above methods are proposed for stable systems only. For stable systems, the overshoot and the error value will be very small and it supports the PID controller tuning efficiently. For unstable systems, the controller parameter tuning seems to be difficult task and is limited due to "d/τ" ratio. Since the basic PID controller will not provide the optimised parameter and this may require a modified PID structure such as I-PD.
Recently, the author has attempted BFO-based PID and I-PD tuning for a class of TDUP [22] . In this work, ISE minimization (single-objective function) is highly prioritized as a performance measure and it monitors the BFO until the controller parameters converge to a minimized value. From the work it has demonstrated that a BFO-based PID controller tuning can be performed for the unstable system when the "d/τ" ratio is below 0.2. PID-based tuning results large overshoot which tends to increase the ISE value, when the d/τ ratio is greater than 0.2. This phenomenon disrupts the convergence of BFO algorithm. In order to overcome the problem, an I-PD structure is employed to obtained better results. They have also presented a comparative study with the Particle-Swarm-Optimization-(PSO-) based controller tuning and classical controller tuning methods with a simulation study. The BFO-based controller tuning approach shows improved performance of the process in terms of time domain specification, error minimization, disturbance rejection, setpoint, and multiple setpoint tracking than the PSO and classical tuning methods.
In this work, a multiple-objective function-based BFO algorithm has been proposed for the controller parameter tuning for TDUP. Further, an attempt has been made by considering a TDUP with a zero. A comparative study on various cost functions such as ISE, IAE, ITSE, and ITAE, has been attempted. To evaluate the performance of the proposed method, a simulation study is carried out using a class of unstable system models.
The remaining part of the paper is organized as follows: an overview of bacterial foraging optimization algorithm is provided in Section 2, Section 3 presents the problem formulation and the cost function-based design of I-PD controller. Section 4 discusses the simulated results on different process models followed by the conclusion of the present research work in Section 5.
Bacteria Foraging Optimization Algorithm
Bacteria Foraging Optimization (BFO) algorithm is a new class of biologically inspired stochastic global search technique based on mimicking the foraging (methods for locating, handling, and ingesting food) behavior of E. coli bacteria. During foraging, a bacterium can exhibit two different actions: tumbling or swimming. The tumble action modifies the orientation of the bacterium. During swimming (chemotactic step), the bacterium will move in its current direction. Chemotactic movement is continued until a bacterium goes in the direction of positive-nutrient gradient. After a certain number of complete swims, the best half of the population undergoes reproduction, eliminating the rest of the population. In order to escape local optima, an elimination-dispersion event is carried out where some bacteria are liquidated at random with a very small probability and the new replacements are initialized at random locations of the search space [14, 16, 19] . Figure 1 shows the flow chart of the BFO algorithm.
The working principle for the bacterial foraging optimization algorithm can be defined as shown in Figure 1 .
I-PD Controller Tuning Procedure

Problem Formulation.
In process industries, PID controller is used to improve both the steady state as well as the transient response of the plant. Consider the closed loop control system as shown in Figure 2 , where G p (s) is the process under control and G c (s) is the controller. The main objective of this system is to make Y (s) = R(s). In this system, the controller continuously adjusts the value of "U c (s)" until the error "E(s)" is zero irrespective of the disturbance signal "D(s)."
For practical applications, the term "G c (s)" can be replaced by a simple PID controller or a modified structure PID controller.
(i) Let, G c (s) has the noninteracting (K p , K i , K d works independently on error signal) form of parallel PID structure as shown in Figure 3 . 
Block diagram of the closed loop control system.
Structure of parallel PID control system. Mathematical representation of parallel form of PID controller is given in (1):
where T f if the filter time constant.
For this study it is assigned as 10.
The output signal from the controller is
In this structure, a step change in the reference input "R(s)" will cause an immediate spiky change in the control signal "U c (s)." This abrupt change in the controller output is represented as the proportional and/or derivative kick. These kick effects rapidly change the command signal to the actuator which controls the entire operation of the plant (G p (s)) [1] . To overcome this drawback, a modified controller structure knows as I-PD is considered in this study.
(ii) The noninteracting form of I-PD controller structure is shown in Figure 4 .
The output signal from the I-PD controller is
In this structure, the integral term (K i ) responds on error signal "e(t)." An abrupt change in the reference input "R(s)" will not affect the proportional (K p ) and derivative (K d ) terms, since these two terms works on the process output "y(t)." The I-PD is a modified form of a parallel PID structure and is always preferred in industries, where a smooth set point tracking is required.
Cost Function.
A generalized closed loop response of a system is shown in Figure 5 . For closed loop systems, the main objective of the controller is to make the peak overshoot (M p ), settling time (t s ) and final steady state error (E ss ), as small as possible. During the optimization search, along with the cost function it is necessary to assign the essential values for M p , t s and E ss .
(i) "M p " is the difference between the reference input "R(s)" and the maximum process output "Y (s)." (ii) "t s " is the time required for the process output to reach a final steady state value. (iii) "E ss " is the value of error "e(t)" when time "t" tends to infinity.
The Cost Function (CF) guides the algorithm to search the optimised controller parameters. Equation (4) shows the normally considered CF to evaluate the performance of the closed loop system:
where e(t) = error, r(t) = reference input (set point), and y(t) = process output. The performance criterion in the proposed method is expressed as,
where w 1 · · · w 4 are weighting functions for the performance index (range is from 0-1), CF is the error criterion from the error detector, and M p , t s , and E ss are additional performance index obtained from the process output.
The performance criterion presented in (5) is a multiobjective criterion and has four terms accompanied by a weighting factor "w," and it should be set based on the priority level. If the parameter "J 1 (K p , K i , K d )" does not converge with an optimal value during the entire search, then the exploration is reinitialized with "w 1 " alone by making other weights as zero. Figure 6 illustrates the basic block diagram for I-PD controller tuning using BFO algorithm. In this, the performance criterion "J 1 (K p , K i , K d )" guides the optimization algorithm to get appropriate value for the controller parameters.
Design of I-PD
Prior to the optimization search, it is necessary to assign the following algorithm parameters.
Dimension of search space is three; number of bacteria is chosen as ten; number of chemotaxis step is set to five; number of reproduction steps and length of a swim is considered as four; number of elimination-dispersal events is two; number of bacteria reproduction is assigned as five; probability for elimination dispersal has a value of 0.2.
In the literature, there is no guide line to allot the tuning parameters for the BFO algorithm.
In this study, before proceeding with the BFO-based I-PD controller tuning, the following values are assigned.
(i) The three dimensional search space is defined as: (ii) The maximum overshoot (M p ) range is selected as 50% of the reference signal. The overshoot in the process output is limited by inserting a rate and limiter block between the controller and the TDUP. (iii) The steady state error (E ss ) in the process output is assigned as zero. (iv) There is no guideline to specify the values for CF and settling time (t s ). The "t s " is preferred as 25% of the maximum simulation time. The simulation time should be selected based on the process time delay (vi) A unity reference signal is considered for all the process models, (that is, R(s) = 1).
Results and Discussions
To study the closed loop performance of the TDUP with BFO tuned I-PD controller, mathematical model of the processes from literature are considered.
Example 1. The first order system with the following transfer function model is considered:
This process has an unstable pole with process time constant (τ) = 1 and time delay (d) = 0.4. For the above process "d/τ" is 0.4.
The BFO-based I-PD controller tuning is proposed for the system as in Figure 6 . The final convergence of the controller parameters are shown in Figure 7 and the optimised K p , K i , K d values are tabulated in Table 1 . The result shows that the ISE-based tuning has less number of iteration compared to other methods.
The process model (6) is initially tested with the parallel PID controller (Figure 3 ) with the optimal values given in Table 1 . From Figure 8(a) , it is noted that the overshoot observed in the process output is very large and the controller output illustrates a large spike as in Figure 8(b) .
An enlarged view of the controller output "U c (s)" is presented in Figure 9 . When the process is excited with a reference signal, the controller will produce proportional and derivative kick initially. When the output reaches the final steady state value, the abrupt change in the controller signal vanishes slowly, and finally it reaches a smooth stable value. The initial part of the controller output is the cause for the process overshoot "M p ." The given process model is then proceeded with an I-PD controller (Figure 4) with Table 1 parameters. Figures 10(a) and 10(b) show the process and controller outputs respectively. The present method provides enhanced performance compared to the basic PID controller.
The regulatory response is then studied with a load disturbance of 0.1 (10% of setpoint) introduced at 30 sec. From Figure 11 , it is observed that the I-PD controller tuned with ISE, ITAE, and ITSE offers a stable response. The IAE tuned controller provides an oscillatory response for load disturbance rejection. Table 2 presents the performance of the I-PD controller for setpoint tracking and load disturbance rejection. The overshoot produced by the ITSE tuned controller (ITSE I-PD) has a large overshoot compared to other methods. But the final error by this method is modest compared with the ISE, IAE, and ITSE.
Example 2. The second order TDUP with the following transfer function is considered. It has one unstable pole and a stable pole:
For this process delay time (d) is unity. The PID-tuning scheme previously proposed for the above model is presented in the literature [7] .
For this model, the BFO-based I-PD is proposed with a bacteria size of 18 and the other values as given in Section 3.3. The time delay (d) for the system is 1, hence the simulation time is fixed as 200 sec. The trials are executed with each CF and the optimal values are tabulated in Table 3 . ISE-based method offers the optimal values with less convergence time than IAE, ITAE, and ITSE. Figure 12 and Table 4 depict the reference tracking performance of the process model with I-PD structure. The overshoot produced by the ISE (ISE I-PD) is large. The response by the IAE is more oscillatory since the settling time of the system is large. The final steady state error by all the methods are zero. ITAE-based I-PD has a lesser overshoot. The overall response of ITAE-based tuning outperforms the remaining methods considered in this study. The robustness of the I-PD controller is analysed by changing the delay time of the process model. The controller values by ISE are employed to test the controller performance.
(i) −50% change is applied in the delay (d = 0.5 sec). The process model is as in (8):
The above model has been studied by the researchers and classically tuned controller settings are existing in the literature [2, 8] .
(ii) +25% change in the delay (d = 1.25) is tested with the I-PD and PID structures and the results are presented in Figures 13 and 14 , respectively. From Figures 13 and 14 , the increase in the time delay may increase the overshoot of the system. When the time delay is large, the system condition will move from stable state to unstable state. From the result, it is noted that the proposed BFO-based tuning provides the optimal controller parameters and it works well for the system with a time delay uncertainty.
Example 3. A third order unstable process with delay studied by Chen et al. [7] is considered. The model has one unstable pole and two stable poles:
(5s − 1)(0.5s + 1)(2s + 1) .
The BFO-tuned controller gains and the final iteration numbers are provided in Table 5 . The ISE-based controller parameter search value is converging at 153rd iteration. Figure 15 and Table 6 show the servo response of the process for unity step input (R(s) = 1). The overshoots produced by these methods are negligible. The BFO-tuned I-PD controller provides an enhanced reference tracking with improved time domain specifications.
Example 4. Continuous Stirred Tank Reactor (CSTR) with nonideal mixing considered by Liou and Yu-Shu [23] has the transfer function model:
In this process the nonideal mixing is described by Cholette's model (98.3s − 1) .
The process model has one unstable pole and a stable zero (numerator "s" value). The unstable system with a zero may produce a large overshoot or inverse response. The time delay "d" for the system is 20 sec.
The optimization search is initiated with the following algorithm parameters.
Number of bacteria is chosen as 25; number of chemotactic steps is set to ten; number of reproduction steps and length of a swim is considered as ten; number of eliminationdispersal events is five; number of bacteria reproduction is assigned as ten; probability for elimination dispersal has a value of 0.3.
In the performance criterion (5), the overshoot "M p " is removed by assigning the weighting function value with a zero (w 2 = 0). During the simulation study, the overshoot in the process output is controlled with a rate and the limiter unit. For this process, the simulation time is chosen as 500 s.
The BFO I-PD parameters converge at 439th iteration for ISE and 558th iteration for ITSE. The controller gains and the performance measure are presented in Tables 7 and  8 , respectively. The servo response of the process model with unit step input is illustrated in Figure 16 . The ITSE I-PD controller provides a smooth performance for reference tracking and it outperforms the performance by other methods analysed in this study.
Conclusion
In this work, an attempt has been made for tuning an I-PD controller structure for a class of unstable process models using Bacterial Foraging Optimization (BFO) algorithm with minimizing the multiple objective performance criterion. A comparative study with Integral of Squared Error (ISE), Integral of Absolute Error (IAE), Integral of 
